Abstract. Lung cancer is one of the leading causes of cancerrelated death worldwide. Curcumin has been reported to have an antitumor effect by inducing apoptosis and suppressing growth of tumor cells. However, the mechanism by which curcumin exerts its anti-cancer effect needs further research. The purpose of the present study was to identify a miRNAmediated mechanism which plays a role in the anti-cancer effects of curcumin. Alterations in miRNA expression were seen in curcumin-treated A549 cells, including significant downregulation of miRNA-186 * expression by microarray analysis and real-time PCR. The miRNA-186 * functions by overexpression or inhibition were investigated using biological assays in A549 cells. Additionally, caspase-10 was identified as a target of miRNA-186 * using dual luciferase reporter assays and Western blot analysis. These results demonstrate that curcumin induces A549 cell apoptosis through a miRNA pathway. Also, miRNA-186 * could serve as a potential gene therapy target in curcumin treatment. Furthermore, caspase-10 was shown to be a target of miR-186 * regulation.
Introduction
Lung cancer causes more cancer related deaths worldwide than prostate, breast, or colorectal cancer (1) . The morbidity of non-small cell lung carcinoma (NSCLC) accounts for 80.4% of all lung cancer deaths (2) . Because of its insidious onset the disease is usually not discovered until the later stages when patients have lost the opportunity for radical surgery following a confirmed diagnosis (3) . Early diagnosis and low toxicity drugs are essential to achieving better treatment for lung cancer patients. Therefore, it is very important to select safe and effective natural compounds for use in the clinic (4) .
Curcuma longa L is a plant that belongs to the Zingiberaceae family. Curcumin, which is extracted from the rhizomes of C. longa L, is the major component of this plant (5) . Curcumin has been reported to induce diverse pharmacological effects, including anti-inflammatory, antioxidant and anti-tumour activities (6) . It has also been shown to suppress the activation of nuclear factor-κB (NF-κB) signalling that is induced by various tumour promoters, including phorbol esters, tumour necrosis factor and hydrogen peroxide. More recently, several studies have shown that curcumininduced downregulation of NF-κB is mediated through the suppression of IκB kinase (IKK) activation (7, 8) . This anti-NF-κB activity of curcumin has been reported to be causally linked to apoptosis through the reduced expression of antiapoptotic players, such as survivin/BIRC5 and Bcl2 (9, 10) . However, there are few reports on the role that miRNAs may play in the anti-tumour effects of curcumin.
miRNAs are a class of short, highly conserved noncoding RNAs known to play essential roles in numerous developmental processes. miRNAs are transcribed as longer primary transcripts (pri-miRNA) that are sequentially processed by the RNase III-like enzymes, Drosha and Dicer (11, 12) . Investigators have found that aberrant expression of miRNAs may play a critical role in tumorigenesis (13, 14) . The expression of the let-7 family of miRNAs was downregulated in lung cancer and these miRNAs are considered tumour suppressor genes (15) . In contrast, expression of the miR-17-92 cluster was increased in lung cancer and these miRNAs are considered to be oncogenes 'oncomirs' (16) . The differential expression profile of miRNAs in lung cancer makes them new biomarker candidates for clinical diagnosis and prognosis (17) .
In this study, microarray analysis was performed on A549 human lung adenocarcinoma cells treated with curcumin to identify which miRNAs are induced by this treatment. The results indicated that curcumin can suppress A549 cell proliferation and induce apoptosis through downregulation 
Materials and methods
Cell culture. The A549 human lung adenocarcinoma cell line was cultured in the laboratory (obtained from the Academy of Military Medical Science, Beijing, China). Cells were cultured in RPMI-1640 medium supplemented with 10% (v/v) bovine calf serum, 1x10 5 U/ml penicillin and 100 mg/l streptomycin. Cells were grown at 37˚C with 5% CO 2 .
MTT assay. Cellular growth inhibition was assayed by the MTT method (18) . A549 cells were seeded at a density of 5x10 3 cells/well in 96-well culture plates (Nunc, Roskilde, Denmark). A549 cells were treated with varying concentrations of curcumin (Sigma, St. Louis, MO) at different time intervals or transfected with 200 pM of miR-186 * inhibitor or inhibitor control. An MTT solution (5 mg/ml) was added and cells incubated at 37˚C for an additional 4 h. The supernatant in each well was carefully removed and formazan crystals were dissolved in DMSO for 10 min with shaking. The absorbance of each well was then read at 570 nm using an enzyme-linked immunosorbent assay reader. All experiments were performed in triplicate and numerical data are presented as mean ± SD. The concentration at which curcumin produced 50% inhibition of growth (IC 50 ) was calculated by the relative survival curve.
miRNA microarray. miRNA-enriched total RNA was isolated from curcumin-treated and untreated A549 cells with TRIzol reagent (Invitrogen, Carlsbad, CA). The miRNA fraction was further purified using the mirVana™ miRNA Isolation Kit (Ambion, Austin, TX). The isolated miRNAs were then labelled with Hy5™ and Hy3™ fluorescent label using the Mercury Array Power Labelling Kit (Exelon) and hybridised to the miRCURY™ LNA miRNA Array (v10.0, Exiqon) as described (19) . Microarray images were acquired using a GenePix 4000B scanner (Axon Instruments, Union City, CA) and analysed with GenePix Pro 6.0 software (Axon Instruments) to perform median normalisation. Results were saved as Excel files.
Quantitative real-time PCR. Total RNA was extracted from A549 cells that were treated with different concentrations of curcumin using TRIzol (Invitrogen) and quantified by measuring absorbance at 260 nm. Expression of mature miRNAs was assayed using stem-loop RT followed by realtime PCR analysis, as previously described (20) . All reagents for stem-loop RT were obtained from Applied Biosystems (Foster City, CA). PCR products were analysed by 3% agarose gel electrophoresis. The relative amount of each miRNA was normalised to an individual U6 snRNA molecule. The fold-change for each miRNA in curcumin-treated cells relative to control (untreated) cells was calculated using the 2 ΔΔCT method (19) , where ΔΔCt = ΔCt curcumin treatedΔCt untreated and ΔCt = Ct miRNA-Ct U6. PCR was performed in triplicate. The primers used for stem-loop RT-PCR for miR-186 * are listed in Table I .
FCM assay. miRNA-186 * precursors, antisense inhibitors or controls were all purchased from Ambion. A549 cells were plated in 6-well plates (4x10 5 cells/well) in antibiotic-free medium and transfected with 200 pmol of oligonucleotides using siPORT NeoFX buffer (Ambion) in accordance with the manufacturer's instructions. Forty-eight hours after transfection, apoptosis was measured by PI and Annexin V-FITC double-staining. Flow cytometry analysis was performed using Becton-Dickinson FACS-420 flow cytometry with an excitation wavelength of 488 nm and an emission wavelength of 525 nm. All experiments were performed in triplicate.
Luciferase activity assay. The 3'UTR of human caspase-10 cDNA containing the putative target site for miR-186 * was amplified by PCR using the following primers: 5'-GATATC GATAATCTGACATGCCTGG-3' and 5'-CTGCAGGATC CGGAGGTGTTACCATTTCT-3'. The PCR product was inserted into the XbaI site, immediately downstream of the luciferase gene in the pGL3-control vector (Promega, Madison, WI). A mutant version of caspase-10 with a 5 bp mutation within the 'seed region' was generated using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). Wild-type and mutant inserts were confirmed by sequencing. Twenty-four hours before transfection, cells were plated at 1.5x10 5 cells/well in 24-well plates. The pGL3-caspace 10-3'UTR or pGL3-caspace 10-3'UTR mutant vectors (200 ng) and 80 ng of pRL-TK (Promega) were co-transfected into cells along with miR-186 * precursor (200 pmol) or control using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Luciferase activity was measured 24 h after transfection using the Dual Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalised to Renilla luciferase activity for each transfected well. Independent experiments were performed in triplicate. 
Results
Curcumin inhibits cell proliferation and induces A549 cell apoptosis. Curcumin has been shown to be anti-tumourigenic in different cancer cell types, including prostate cancer cells and human pituitary tumour cells (21, 22) . The effect of curcumin treatment on the proliferation and apoptosis of A549 cells was determined by MTT and apoptosis assays, respectively. Curcumin suppressed A549 cell proliferation in a dose-and time-dependent manner (Fig. 1a) . The halfmaximal inhibitory concentration (IC50) of curcumin that A549 cells could withstand for 48 h was 16.28 μM. Curcumin also induced A549 cell apoptosis in a dose-and timedependent fashion (Fig. 1b and c) .
Curcumin treatment alters the expression profile of miRNAs in A549 cells. Although a limited number of miRNAs have been shown to regulate diverse cellular processes, there are few studies examining whether miRNA expression is changed in curcumin-treated human lung cancer cells. Cluster analysis was performed on the expression profiles of curcumin-treated (15 mM) and DMSO control-treated samples. Log 2 values were used to compare changes in miRNA expression. Those miRNAs that were up-or downregulated by more than 2-fold after curcumin treatment were selected for further study. After 48 h of curcumin treatment, six miRNAs (miR-186 * , miR-625, miR-576, miR-39, miR-9 * , let7e) were downregulated, and eight miRNAs (miR-320, miRNA-26a, miR-16, miRNA-130a, miR-125b, miR-23a, miR-23b and let-7i) were upregulated when compared with DMSO control (Fig. 2a) . miR-186 * , in particular, was significantly downregulated with a 92.2% reduction in its levels after curcumin treatment. There are only a few reports linking miRNA-186 to tumorigenesis. In one of these, it was recently shown that the expression of miRNA-186 is higher in epithelial cancer cells than in normal cells (23) . Thus, we suggest that miRNA-186 * may play an oncogenic role in human lung cancer cells. Quantitative real-time PCR (qRT-PCR) is generally considered the 'gold-standard' assay for measuring gene expression and is often used to confirm microarray data (24) . We used qRT-PCR to determine whether there were changes in the expression of miRNA-186 * , which was found to be significantly downregulated after curcumin treatment in the microarray experiments. The same total RNA preparation that was used for the microarray analysis was also used for quantitative real-time PCR analysis. Specific miRNAs were reverse-transcribed and PCR amplified in the ABI Prism 7600 Detection System (Applied Biosystems). Expression of U6 was used as an internal control. Values from the curcumin-treated and untreated groups were normalised to U6 values. Real-time PCR analysis confirmed that miRNA-186 * expression was decreased following treatment with different concentrations of curcumin, a finding that is consistent with the microarray results (Fig. 2b) . (Fig. 3a) . These results indicate that miR-186 * may play an oncogenic role in the development of lung cancer.
Inhibition
We hypothesised that miR-186 * has a positive effect on A549 cell proliferation, at least in part, by modulating apoptosis. To test this hypothesis, we evaluated the antiapoptotic effect of the enforced expression of miR-186 * in A549 cells. Cells were transfected with 200 pmol of miR-186 * inhibitor or inhibitor control and with miR-186* precursor or precursor control for 48 h and cell apoptosis was measured. In these experiments, transfection of A549 cells with miRNA-186 * precursor or miRNA-186 * inhibitor caused statistically significant changes in the incidence of apoptosis in comparison to their respective control groups (Fig. 3b  and c) Prediction of miR-186 * target gene. There are more than 700 putative target genes for miR-186 * that are generated by Miranda. We classified these putative targets according to function. Target genes related to proliferation and apoptosis were screened first (Table II) . We selected three target genes, including caspase-10, myc and bcl9, which have well documented roles in proliferation and apoptosis. In verifying these targets, it was found that caspase-10 gave meaningful results (see below).
Caspase-10 is a target gene of miR-186
* . The 3'UTR of caspase-10 contains a binding site for miR-186 * . A caspase-10-3'UTR mutant construct containing a mutation in the miR-186 * 'seed region' binding site was generated (Fig. 4a) . To assess whether miR186 * directly regulates caspase-10 expression, we constructed a luciferase reporter vector with the putative caspase 10-3'UTR target site for miR-186 * downstream of the luciferase gene (pGL3-caspase 10-3'UTR). A mutant version of pGL3-caspase 10-3'UTR with a 5 bp mutation within the seed region was also generated (pGL3-mutcaspase 10-3'UTR). Luciferase reporter vector, alone or together with miR-186 * precursor or precursor control, was transfected into A549 cells that weakly expressed miR-186 * . A significant decrease in relative luciferase activity was noted when pGL3-caspase 10-3'UTR was co-transfected with miR-186 precursor but not with scrambled oligonucleotide. As expected, suppression was abolished by mutation of the 3'UTR miR-186 * binding site (pGL3-mutcaspase 10-3'UTR), which disrupts the interaction between miR-186 * and the caspase 10-3'-UTR (Fig. 4b and c) .
Western blot analysis further confirmed the luciferase assay results. The protein expression of caspase-10 in curcumin-treated cells was increased compared with DMSO control-treated cells (Fig. 5a ). In addition, miR-186 * inhibitor and precursor were transfected into A549 cells and Western blot analysis was performed. Results showed that caspase-10 protein expression was increased in A549 cells transfected with the miR-186 * inhibitor compared with control cells, whereas transfection with the miRNA-186 * precursor led to decreased capase-10 protein expression (Fig. 5b) .
Collectively, these results demonstrate that curcumin induces apoptosis of the A549 lung cancer cell line through miR-186 * , and that caspase-10 is a target of this miRNA.
Discussion
Many studies have demonstrated that the aberrant expression of miRNAs plays a role in tumorigenesis. miRNAs are predicted to modulate the expression of approximately one-third of human protein-coding genes and have a role in almost every genetic pathway (25) (26) (27) . In addition, computational predictions indicate that each miRNA may target hundreds of genes, and that more than 50% of human Table II . Target genes of miRNA-186 * . protein-coding genes could be regulated by miRNAs (28) . miRNA expression signatures seem to hold great promise for tumour characterisation and could be potential diagnostic and prognostic markers for cancer treatment (29) . Curcumin has been reported to be a growth inhibitor and pro-apoptotic agent and has been shown to modulate cell signalling (30) (31) (32) . However, very few publications have reported that curcumin suppresses cancer cell growth by a miRNA pathway. Only one study showed that curcumin alters miRNA expression in human pancreatic cells where it upregulates miRNA-22 and downregulates miRNA-199a * expression (33) . In this study, the SP1 transcription factor and estrogens receptor 1 (ESR1) were identified as miRNA-22 targets. These results suggested that modulation of miRNA expression might be an important mechanism mediating the biological effects of curcumin. It is necessary to identify miRNA targets in different cancers treated with curcumin for the advancement of personalised medicine and cancer treatment.
Lung cancer causes high mobility and high mortality (1). In recent years, an increasing amount of research has investigated the role of miRNAs in lung cancer. It was demonstrated that miRNAs have somewhat better clinical utility in predicting the prognosis of patients with non-small cell lung cancer than mRNA-based signatures (34, 35) . Let-7 was the first miRNA discovered to play a role in lung cancer. It has been shown that let-7 expression levels are decreased in lung cancer cells, both in vitro and in vivo (36, 37) . Some transcripts of the let-7 family that are significantly downregulated in lung tumours have been identified as tumour suppressors as a result of their ability to control several oncogenic pathways, including the RAS pathway (38) . Furthermore, lung cancer patients with reduced let-7 expression were found to have significantly poorer prognosis after potentially curative resection. It was also found that abnormally expressed miRNAs in lung cancer might act as either tumour suppressors or oncogenes. Although emerging results clearly suggest that increased hsa-mir-155 and decreased hsa-let7a-2 expression are correlated with poor lung cancer patient survival (39) , it is important to identify other potential miRNAs that play oncogenic or tumour suppressor roles in lung cancer.
A549 cells are generally recognised as the typical cell of human lung adenocarcinoma and have strong growth/ migration ability (40) . Consistent with a previous report, our data showed that curcumin can inhibit A549 proliferation and induce apoptosis in a dose-and time-dependent manner ( Fig. 1) (41) . Microarray experiments showed that curcumin upregulated the expression of some miRNAs, such as miRNA-320, miRNA-130a and let-7i, and down-regulated others, such as miRNA-625 and miRNA-186 * . miR-186*, in particular, was significantly downregulated with a 92.2% reduction in its levels after curcumin treatment. Real-time PCR confirmed the microarray experiments and showed that curcumin inhibits the expression of miR-186 * in A549 cells. miR-186 * and miR-186 originate from the same pre-miRNA. The level of miR-186 was found to be increased in cancer epithelial cells compared with normal cells (23) . Moreover, miR-186 downregulates the expression of pro-apoptotic purinergic receptor, P2X7, and treatment with miR-186 inhibitor increases P2X7 mRNA levels. Further analysis determined the presence of miR-186 target sites located in the P2X7 3'-UTR. miR-186 * is located on chromosome 1p31.1. Before this report, there was no evidence to show that miR-186 * was involved in cancer pathogenesis. Our results show that miR-186 * is downregulated during curcumin-induced A549 cells apoptosis (Fig. 2) . The inhibition of miR-186 * not only inhibits A549 proliferation but also induces apoptosis (Fig. 3) . At the same time, we found that the incidence of apoptosis caused by inhibition of miR-186 * is lower than that resulting from curcumin treatment (Fig. 3b and c) . We speculate that miR-186 * is one of the pathways which curcumin induces apoptosis. Taken together, these results indicate that miR-186 * may play an oncogenic role in human lung cancer cells.
We used the Miranda database to predict the target genes of miRNA-186 * . Caspase-10 was indicated as one target gene of miR-186 * by this prediction method. Caspase-10 was previously implicated in autoimmune lymphoproliferative syndrome and is an initiator caspase in death receptor signalling (42) that may be crucial for apoptotic signalling (43) (44) (45) . Caspase-8, caspase-10 and caspase-9 are believed to be the initiator caspases at the top of the caspase signalling cascade (46, 47) . It has been recently reported that caspase-10 expression is downregulated in both rectal adenomas and cancers and may be involved in the pathogenesis of rectal cancer (48) . Thus, we surmised that the increased expression of caspase-10 might play a key role in curcumin-induced A549 cell apoptosis. Our data demonstrate that caspase-10 is significantly increased after curcumin treatment of A549 cells (Fig. 5a) . Moreover, manipulating the levels of miRNA-186 * by transfection with oligonucleotides encoding it alters the expression of caspase-10 (Fig. 4) . This manipulation of miRNA-186 * levels also altered the protein levels of caspase-10 ( Fig. 5b) . Our study is the first to show that caspase-10 is an essential downstream target of miR-186 * . In conclusion, we report here the first evidence that miR-186 * may be required for the anti-cancer effects of curcumin on the A549 human lung adenocarcinoma cell line. Furthermore, caspase-10 may be a critical target of miR-186 * in preventing apoptosis. Our study reveals an important and novel mechanism by which curcumin inhibits cancer growth and induces apoptosis.
